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I. Introduction
Several competing processes have been suggested for the actuation of micromechanical devices. Electrostatic micro-actuators have been suggested 1, 2 where a potential difference between two sets of combs produces a force generated by the associated electric field. Generally, electrostatic micro-actuators are linear drive devices and are not well suited for rotational operation. Piezoelectric devices 3 have been considered
where an electric field applied to a material causes mechanical deformation in the material. The piezoelectric effect typically produces very small material deflections; however, they can have a very fast actuation frequency from the kHz up to the MHz range. Electrically conducting polymers 4 can be used to change the volume of a material to provide more actuation distance than a typical piezoelectric material with lower applied voltages. The actuation range of a micro-actuator based on an electrically conducting polymer is still relatively limited (10µm maximum). Thermo-pneumatic 5 and other gas dynamic actuators 6 offer the potential for relatively large forces (1000 times greater than electrostatic forces) per unit volume and large actuation distances. Radiometric forces have also been proposed in the literature. [7] [8] [9] Micro-actuators based on radiometric forces offer several distinct advantages over other proposed concepts including simplicity, scalability, and an unlimited actuation range. Although radiometric forces have been suggested as a possible means for the actuation of micromechanical devices for more than a decade, 7 a radiometric-based actuator has yet to be realized.
Radiometric flows and their associated forces are typically thought of only in the low pressure, rarefied gas regime where their effects can be large compared to other forces. The level of gas rarefaction is given by the non-dimensional Knudsen number
where λ is the gas mean free path and L is a characteristic dimension in the flow. The rarefied gas regime is generally considered the regime where the Knudsen number is relatively large compared to the continuum flow regime. The rarefied regime can be characterized as having Knudsen numbers larger than 0.01. Traditionally, this has meant the regime where the mean free path is large corresponding to low pressure applications.
However, the advent of micro-fabrication and microfluidics has brought about the concept of rarefied flow at atmospheric (or slightly above) pressures where the characteristic size of the device is very small. For example if the characteristic dimension of a device, L, is 1 µm, the Knudsen number is 0.1 for a pressure of one atmosphere. Therefore in a micro-device, radiometric flows can be a dominant force even at relatively high pressure. From the application standpoint, there is the critical benefit of not requiring a vacuum to be created or maintained for this device as a micro-actuator.
The radiometric force is produced by a temperature gradient between nearby surfaces in a rarefied flow (high Knudsen number). An excellent review of the history associated with radiometric flows can be found in Ref. 10 Force is produced in a radiometer by the temperature gradient in two ways. First, a pressure difference between the gas on the high temperature side and the low temperature side produces a net force.
Since the pressure near the high temperature surface is larger than that on the low temperature surface, this pressure force acts from hot to cold, henceforth called the area force. Second, thermal creep 11 in the form of a shear force acts along the edge of the radiometer in the direction from cold to hot, henceforth called the edge force.
Recently, new studies 10, 12, 13 have shed light on the fundamental understanding of radiometric flows and their engineering applications, allowing for significant improvement in the theoretical design of radiometric micro-actuators. The knowledge gained in these previous studies has been combined into the design of a notional device that maximizes the radiometric force produced in a given volume. Any attempt to optimize the radiometer design for force production requires a fundamental understanding of the relative influence of the bulk radiometer area versus the radiometer edge. Recent results indicate that these effects are of the same order of magnitude in the Knudsen number regime where the force is maximized (transitional regime, Kn 0.05). Therefore, a device that maximized the force produced per unit volume (or mass) will be an optimized combination of area and edge geometry. This paper describes a notional radiometric-based microactuator that produces a maximum force at typical Knudsen numbers for micro-scale actuators operating at or slightly above atmospheric pressure.
Although the major application of the effect described in this work is for micro-devices, applications in the low pressure regime (same equivalent Knudsen number) can also be envisioned. For example, radiometric forces could be applicable to propulsion systems for vehicles traveling at high altitudes (i.e. near-space).
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In these applications, solar energy could be used to generate temperature differences between two surfaces separated over a distance. The radiometric force could be used in a propulsion system as a means of maintaining a near-space vehicle's position above the Earth while compensating for disturbing forces such as wind drag.
II. Numerical approach and flow conditions
The selection of the numerical method for modeling microscale gas flows is dictated by the relative importance of physical phenomena inherent in these flows, such as velocity slip, temperature jump, thermal creep, and viscous heating. The small physical scale usually implies large surface-to-volume ratios, thus emphasizing the influence of gas-surface interactions. In addition, the gas mean free path is often comparable to the characteristic dimensions of the flow, causing the velocity distribution function to deviate from local equilibrium. All this results in inapplicability of shear stress and heat flux assumptions used in the NavierStokes equations and many analytic approaches, and leaves the computational methods of the kinetic gas theory as the only alternative. The existence of numerically efficient implicit integration schemes for these equations 17 allows for accurate numerical modeling of microflows at a reasonable computational cost.
In this work, a finite volume solver SMOKE 18 has been used to deterministically solve the ES model kinetic equation. SMOKE is a parallel code based on conservative numerical schemes developed by. 19 Pure argon was chosen as the carrier gas in this work.
The grid convergence was achieved by increasing the number of spatial nodes and points in the velocity space. The latter one was (18, 18, 12) for the results presented below, and the number of spatial cells varied from 5,000 to 10,000 depending on the chamber size. The temporal convergence was also controlled, and the total error in the force calculations was estimated to be less than one percent in all cases. In all computations, the temperature of the hot and cold sides of the vanes was 450 K and 410 K, respectively, and the chamber wall surface temperature was assumed to be 300 K. It is important to note that the relatively large temperature difference was chosen to emphasize the effect of the temperature gradient and make it easier for accurate numerical analysis. The qualitative results presented below will not change for a different temperature gradient, or different radiometer size, provided the Knudsen numbers are still the same. This implies that the results will not change if for example a larger radiometer of 1.1 cm is considered in a ten times more rarefied carrier gas.
III. Optimum separation between the vanes
The main objective of this work is to analyze the feasibility of increasing the radiometric force through etching holes in the radiometric vane. This goal implies that the total area occupied by the radiometer is fixed, but the number of small vanes (smaller parts of the original large radiometer vane) separated by gaps and the separation distance between them may vary to satisfy the maximum radiometric force requirement.
The optimization in terms of the vane to gap height ratio generally implies finding either the separation between the vanes that results in maximum total force produced by the radiometer, or the separation that is characterized by maximum force per vane (or, in other words, force per radiometer mass). While both optimizations are important, the second one is considered in more detail in this work.
The first set of computations was therefore aimed at finding the optimum force-per-mass separation distance between the small vanes relative the their height. In these computations, the size of the small vanes was fixed at 0.09D, and the separation between them ranged from 0.92D to about 0.035D. Comparison of the translational temperature fields and the streamlines is presented for two-vane and seven-vane configurations in Fig. 1 . The flowfields represent only half of the entire flow, since the lower boundary is the symmetry plane. The other three boundaries represent the chamber walls. Hereafter, the left side of the radiometer is hot, and the cold side is hot.
For the two-vane configuration, the interference between the vanes is minimal. Near the symmetry axis, the gas temperature is a few degrees higher than it could be expected in the absence of the second vane.
Near the vane, however, the isolines are symmetric relative to the center of the vane, which indicates that a relatively small effect of the lower vane and the top wall of the chamber. The impact of the cold top wall of the chamber is seen in the streamlines near at the cold side, that are asymmetric. There is only one vortex observed at that side as compared to two vortices for a single vane configuration. 13 The interference between the vanes is very significant in the seven-vane configuration. In this case, the temperature between the vanes does not fall below 400 K, and is clearly higher at both the cold and the hot sides of the vanes as compared to the two-vane configuration. Note that the actual gas temperatures at the vane surfaces are about 20 K lower than the corresponding surface temperature due to the finite Knudsen number resulting in noticeable temperature jump at the surface. The imposition of the diffuse boundary condition at the walls results in fast decrease of temperature near the chamber walls parallel to the vanes, where it is about 310 K. As the flow streamlines show, the thermal creep dominate the bulk gas motion, as the gas generally moves from the cold side of the radiometer through the gaps to the hot side. The effect is also similar to the thermal transpiration phenomenon, although the latter one is observed at higher Knudsen numbers.
Distribution A: Approved for public release; distribution unlimited The above results were obtained at a Knudsen number where the radiometric force is near its maximum.
The complete set of results obtained for different Knudsen numbers and number of vanes are given in Fig. 2 .
Since the main subject of this study is the force on the working sides of the vanes (called pressure force here),
and not the shear force on the lateral sides of the vanes (which can can be changed varying the thickness of the radiometer vanes), only the pressure force is presented. Note that in the range of pressures and geometries shown in Fig. 2 , the shear force, which generally acts toward the reduction of the total radiometric force, is only a few percent of the pressure force, and thus is not important. Several conclusions may be drawn from the presented results. First, the general bell-shaped form of pressure dependence of the radiometric force observed for single vane radiometers, 20 is still observed for multi-vane configurations. Second, as the number of vanes increases and the separation between them decreases, the maximum shifts in the range of smaller Knudsen numbers (and thus higher pressures). For a two-vane configuration, the maximum is observed at Kn ∼ 0.1, whereas for the nine vane configuration it occurs at Kn ∼ 0.03. The reason for this appears to be that as the distance between vanes decreases, the thermal creep flow becomes more pronounced, that redistribute gas from cold to hot, and generally has larger impact at higher gas densities. Third, and most important, the radiometric force significantly increases as the separation between the vanes decreases.
The maximum pressure force as a function of the separation between the vanes is shown in Fig. 3 . In this figure, the X axis was normalized by the length of a single radiometer vane. It is clearly seen that the radiometric force ls largest when the separation is about 0.25 of the vane size. Note however that further decrease of the separation is expected to reduce the force. In the limiting case of zero separation (one large vane) the radiometric force was found to be only about one third of its maximum. One important measure of the radiometer performance is the force produced per unit of its active length, i.e. in effect the force per mass ratio (for the two-vane configuration, the active length is 0.18D, for three vane it is 0.27D, etc.) The force per length ratio, also given in Fig. 3 , illustrates the efficiency of the seven-vane configuration, where the height of the gaps between the vanes is close to the size of the vanes. Further decrease of the gap height starts to obstruct the thermal creep flow, thus resulting in the decrease of the radiometric force per vane.
For larger gaps, the thermal creep looses its efficiency, and becomes virtually non-existent when the gap to vane height ratio approaches ten.
The pressure difference between the hot and the cold side of the radiometers, presented in the radiometer. The results are shown for a Knudsen number of about 0.05 (gas pressure 1,000 Pa), where the radiometric force is near its maximum. Let us first consider the two-vane configuration. In this case, only one vane is shown, located between X/D = 0.41 and X/D = 0.5. It is clearly seen that the pressure difference distributed over the vane, and thus radiometric force, increase near the edge, and has a minimum in the center. Such a behavior, caused by the combined effect of edge and area forces, 10 is typical for flat plate radiometers. The area force mentioned above is in effect a free molecular force 21 where the molecules colliding with the hot side of a radiometer leave with an increased velocity relative to those colliding with the cold side. The edge force first mentioned in Ref. 22 is an unbalanced force that exists near the edge of the heated side of the vane, where the heat flow in the gas is non-uniform.
Note that there is not visible difference between the left and right edges of the vane, which illustrates the negligible effect of the interference between two vanes. For the three-vane configuration (there is an additional vane in the middle as compared to the two-vane setup), the pressure difference at the outer vanes is slightly higher than for the two-vane case due to the stronger interference between the vanes. The force at the inner edge of the outer vane is a few percent higher than at the outer edge of that vane. For the seven-vane case, the pressure difference at the outer edge is almost two times larger than for the smaller number of vanes. Note that the center vanes are about 20% more efficient than the outer ones. This is related to the more efficient gas transfer by the creep flow in that region, which may also be stimulated by the proximity of the chamber walls. Further increase in the number of vanes results in decrease of the pressure difference on the vanes, which is primarily related to the significant reduction of the edge forces (they are about two times smaller for nine vanes than for seven vanes). 
IV. Maximum radiometric force per area
The results presented in the previous section have shown that the radiometric device is most efficient when the size of the gaps that separate the vanes is about the size of the vanes. In this case, the radiometric force is maximum at a Knudsen number of about 0.05. One can assume that further increase in radiometric Let us now examine the impact of changing the gas pressure on the distributed radiometric force in the single and multi-vane geometries. The pressure difference between the hot and cold sides along the surface of a single vane is given in Fig. 6 for a Knudsen number decreasing from 0.8 to 0.005, which corresponds to the pressure range from 0.006 Pa to 1 Pa. For the largest considered Knudsen number, where the thermal creep is insignificant, and the edge force is virtually non-existent, the total radiometric force is driven by the area force only. As a result, the pressure difference is practically constant along the vane. The increase in gas pressure by a factor of ten (Kn = 0.08) causes an approximately factor of four increase in the radiometric force. The reason for the increase being less than linear is molecular collisions between the hot molecules reflected on the vane surface and the cold incoming molecules, which effectively reduce the momentum The results for two chambers and different numbers of vanes are summarized in Fig. 9 where the maximum pressure and total forces are presented. Several conclusions may be drawn from these results. Most importantly, the performance of a radiometric device may be significantly improved when holes are made in the radiometer vane, so that the radiometer consists of a number of smaller vanes. Extrapolating the results to larger number of wanes, it is expected that the pressure force may be increased by at least a factor of six, and the force to mass ratio by a factor of ten, as compared to a single vane geometry that uses the same effective area. Such an improvement in performance does not seem to be affected by the chamber size. While the increase in the chamber size generally reduces the radiometric force (this fact was previously observed in, 13 one can still expect about an order of magnitude increase in performance. The shear force on the lateral sides of the vanes may be a significant obstacle in achieving the optimum force. The thickness of radiometers vanes should therefore be reduced as much as possible in order to prevent the force degradation. Note that all results presented above are two-dimensional, and an additional resource of the force to mass increase could be cutting holes in the third dimension, perpendicular to the modeling plane (see Fig. 5 ). While the theoretical maximum in the performance increase is two orders of magnitude as compared to the single vane configuration, the actual force on such a three-dimensional geometry is difficult to estimate without detailed computations or experiments. 
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V. Conclusions
Numerical simulations were conducted at the kinetic level to study the possibility of increasing the efficiency of radiometric devices through etching holes in their working surfaces. The ES model kinetic equation was solved for a two-dimensional setup with a thin flat radiometer consisting of a single or multiple vanes of different height. In all cases, the total height of the radiometer was kept at 1.1 mm, and the minimum size of a single vane was about 27 µm. A wide range of pressures was considered, with the corresponding Knudsen numbers varying from 10 to 0.005 based on the vane size. Two different chamber sizes were examined in order to illustrate the effect of the proximity of chamber walls.
It was found that a radiometer that consists of small vanes is much more efficient in terms of force production per radiometer mass than a solid plate radiometer that takes up the same effective area. In twodimensional configuration, the increase is ten-fold. This increase was not visibly impacted by the chamber size. Further increase is expected for a three-dimensional configuration of a radiometer comprised of thin square vanes that are lined up on a plane and separated in longitudinal and transverse directions. The main phenomenon that causes such a large increase in radiometric force is thermal creep. There is also a combined effect of area and edge effects that influence the radiometric force at low and high pressure conditions, respectively.
Optimum separation between the radiometer vanes was observed when the size of the gaps between the vanes is comparable to the size of the vanes. The radiometric force per mass ratio approaches its maximum when the gap-to-vane height ratio is about 0.75. Increase in the number of vanes and proportional decrease in their size generally increases the radiometer efficiency, although using the vanes smaller than 10 µm is not expected to provide any significant benefit. In this case, the interference between the vanes becomes an obstacle to the further increase in total force output. In all cases under consideration, the force maximum was observed at a Knudsen number of about 0.03; there is a relatively weak dependence of its location on the vane separation and number of vanes. The shear force on the lateral sides of the vanes was shown to be significant when the vane height-to-thickness ratio is less than 10; thinner radiometer vanes are therefore desirable for efficient device operation.
